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Abstract
The transfer of phosphate groups is an essential function of many intracellular biological enzymes. 
The transfer is, in many cases, facilitated by a protein scaffold involving two closely spaced 
magnesium “ions”. It has long been a mystery as to how these “ions” can retain their closely 
spaced positions throughout enzymatic phosphate transfer: Coulomb’s law would dictate large 
repulsive forces between these ions at observed distances. Here we show, however, that the 
electron density can be borrowed from nearby electron rich oxygens to populate a bonding 
molecular orbital, largely localized between the magnesium “ions”. The result is that the Mg-Mg 
core of these phosphate transfer enzymes is surprisingly similar to metastable [Mg2]2+ ion in the 
gas phase, an ion which has been identified experimentally and studied with high level quantum 
mechanical calculations. This similarity is confirmed with comparative computations of the 
electron density for [Mg2]2+ in the gas phase and for the Mg-Mg core in the structures derived 
from QM/MM studies on high resolution x-ray crystal structures. That there is a level of covalent 
bonding between the two Mg “ions” at the core of these enzymes is a novel concept which enables 
an improved vision of how these enzymes function at the molecular level. The concept is broader 
than magnesium—other biologically relevant metals (e.g., Mn and Zn) can also form similar 
stabilizing covalent Me-Me bonds in both organometallic and inorganic crystals.
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I. INTRODUCTION
Bimetallic magnesium catalytic active sites involving phosphate group transfer are 
widespread in nature. They are essential in DNA and RNA polymerases,1 reverse 
transcriptases,2 DNA and RNA endo- and exo-nucleases,3 terminases,4 and certain kinases 
(CDK2).5 It has been common to think that these active site metals function only as charged 
ions in stabilizing other active site components. We present an alternate view—a view that 
arises from examining the quantum mechanical nature of the “hidden” covalent metal-metal 
bond in the bimetallic active site and the relationship to homologous gaseous bimetallic di-
cations. This alternate view is found to be remarkably consistent with earlier studies6 of 
bimetallic magnesium-containing compounds, for which each Mg has an additional electron, 
and a formal covalent bond between the di-cations is evident.
Observations we wish to understand in the present work are: (1) Why do relatively small 
divalent-metal cations arrange so close to each other in the active site (for instance, the Mg-
Mg distance in these systems has been found to be as short as 2.42 Å)4? (2) Why is it that 
Mg ions in bimetallic di-cationic interactions observed in crystallographic structures of 
enzyme active sites do not occupy pseudo-symmetry-related octahedral coordination 
positions about the individual metals? Instead, metal ions in numerous structures obtained in 
the last twenty five years interact through the faces of opposing coordination octahedrals as 
shown in Figure 1. (3) What role does the meta-stable covalent bond between the metal ions 
(established below) play in enzyme catalysis?
The central hypothesis is that the bimetallic magnesium core in the active site of many 
enzymes can be understood in terms of the quantum mechanical properties of gas phase 
bimetallic di-cations [Me2]2+, that have a rich history in experimental and theoretical 
chemical physics.8,9 In the simple quantum mechanical description (bond orders, relative 
degree of stability, bond distances, magnetic properties) of the homonuclear diatomic 
molecules of the light elements (H2 through Ne2), the electron configuration of the diatom is 
displayed as an energy diagram from which the atomic orbitals of two adjacent metal atoms 
interact to form bonding (or antibonding) molecular orbitals (MO). When the existing count 
of electrons in the diatom is fed into the MO energy diagram starting at the bottom, the 
result is a MO description for the diatom. For instance,10 H2 : (σ1s)2, He2: (σ1s)2(σ1s*)2, 
. By this procedure, one finds that He2, Be2 and Ne2 are predicted to 
not naturally exist, O2 and B2 are predicted to have triplet ground states, and the bond orders 
for H2, C2 and N2 are predicted to be in the order of 1:2:3. All of these features are 
experimentally realized. We can also apply this approach to the next period of the Periodic 
Table (Na2, Mg2,..Ar2). When the same concepts are employed, one finds that Mg2 (same 
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column of Periodic Table as Be2) is predicted to not exist, whereas [Mg2]2+ is predicted to 
exist (gas phase) with a simple MO bond description of ([Ne2](σ3s)2)2+ and a covalent bond 
order of 1 (Figure 2).
The purpose of this work is to seek answers to the questions raised in the early part of the 
Introduction that investigates the involvement of divalent bimetallic cations in the enzyme 
catalysis. We have primarily selected the active site of the DNA polymerase β that contains 
two magnesium ions as our test system since it has been the subject of a large number of 
structural and theoretical evaluations. In the present study, we have used QM and QM/MM 
calculations alone with QM charge and electron density evaluations to characterize the 
behavior of the closely spaced metal ions residing in a heavily ionic environment that may 
be fostering a pseudo covalent bond between the metal ions.
II. METHODS
Quantum mechanical calculations on various systems
The Gaussian09-version D01 program11 was employed to generate the total energy curves 
shown in Fig 3. Density functional calculations were performed using the B3LYP exchange–
correlation functional and 6-31G* basis set.12
Computation of pre- and post-catalytic geometry representations for DNA polymerase β 
and the charges of the atoms in the active site
By employing crystallographic structures of the gapped DNA, dCTP, and DNA polymerase 
β (pdb ID = 2FMS)7 ternary complexes as the starting points, molecular dynamics 
simulations were carried out in a completely solvated aqueous environment. Valence-filling 
hydrogens were added, and the systems were neutralized with counter ions while preserving 
the positions of all the crystal water molecules. The initial triphosphate charge was set to 
−3e with only one oxygen protonated in the γ-phosphate for the equilibration with the 
classical force field. The Amber99SB force field was used with the PMEMD module of the 
Amber12 program for the trajectory calculations.13,14 Water molecules were represented by 
the TIP3P model.15 Long-range interactions were treated with the particle mesh Ewald 
method.16,17 Added water molecules were subjected to a constant pressure simulation at low 
temperatures (<10 K) so that the starting system was at a density near 1 g/cm3. Except for 
the added waters and counter ions, all heavy atoms in the system were constrained to the 
crystal positions using a harmonic restraining force with a decreasing force constant from 50 
to 0.5 kcal/mol/nm during 10 ns simulations at 300 K at constant volume. This procedure 
ensures that the crystallographic coordinates, representing a configuration resembling the 
pre-catalytic state, are not undergoing dramatic perturbation by the molecular dynamics 
simulation. The final configuration was energy minimized without constraints before 
initiating the QM/MM steps.
The QM/MM systems were prepared in the following way: the quantum region (or the QM 
sub-system) includes parts of Asp190, Asp192, Asp256, parts of the primer terminal 
nucleotide including the phosphate group (excluding the base), and dNTP (excluding the 
base), two Mg ions, and 8 water molecules of which two coordinate the Mg ions (one on 
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each). One of the magnesium ions is denoted as the catalytic magnesium, Mg(c). In the 
initial state, Mg(c) coordinates the reactive primer sugar O3′ atom, which in the chain 
extension reaction, forms the new bond with the Pα atom of the dNTP. Mg(c) also 
coordinates a non-bridging oxygen on Pα (pro-Rp). The other magnesium ion, the 
nucleotide binding magnesium, Mg(n), coordinates with non-bridging oxygens of all three 
phosphates of the incoming dNTP. Atoms within 10 Å of the quantum atoms were treated 
using a classical MM force field and allowed to move. The remainder of the protein, DNA, 
and counter-ions were held stationary. Solvent water within 15 Å, but farther than 10 Å from 
the QM atoms, were included and fixed during the calculation. There were 10158 atoms 
included in the QM/MM calculations, and 99 atoms in the QM sub-system. The charge for 
the QM region was −3e, and the MM region was +3e, while the total system remained 
neutral.
The hybrid QM/MM potential in the ONIOM (MO:MM) method implemented in the 
program Gaussian09-D01 was used to investigate bond formation during the reaction 
scheme.18,11 The quantum region was treated using the B3LYP exchange–correlation 
functional and 6-31g* basis set.12 The classical region was handled using the Amber ff99SB 
force field within Gaussian09. Calculations were performed with the electronic embedding 
option to accommodate the polarization of the QM region by the partial atomic charges in 
the MM region and to provide for the response of the QM region, for which Merz–Kollman 
(MK) charge fitting was employed to generate partial charges at quantum atoms for classical 
interactions.19
The coordinates of the initial and final states were used to generate Figure S1. The final, or 
post-catalytic, state is not a target; it is the natural consequence of systematically stepwise 
closure of the O3′-Pα distance. The atomic charges for the two metals along the reaction 
path were computed using the CM520 option (for condensed systems) in the Gaussian 
program. The charges for both ions stay within the range 0.84–0.89 over the entire reaction 
path (Figure S2). When preparing a system for QM/MM calculation, one approach is to first 
carefully equilibrate the protein crystallographic structure using molecular dynamics 
simulations, after adding missing atoms. Constraints to the crystal structure are initially 
added and then these constraints are systematically reduced during dynamics. Once the 
system is relaxed sufficiently, the equilibration is terminated, and the QM/MM boundary is 
established. From that point on, the enzymatic reaction atoms are treated with QM, adjusting 
for the charges of the classical atoms outside the QM region, as we step along the reaction 
path (closing the O3′-Pα distance). It was found in this process that if we equilibrated the 
system free-of-constraints for too long with classical dynamics, prior to the first QM step, 
the Mg-Mg distance increased undesirably. But, when we turned on the QM calculation in 
the early stage of free equilibration, the calculated QM/MM geometry of the reaction 
scaffold represented the crystallographic structure much better. The rationale, thus, is that 
when conducting classical dynamics only, the metal ions see only Coulomb repulsion. 
However, in combination with QM, the covalent bond interaction counters the observed 
repulsion.
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Computation of the pre-catalytic geometry for arginase I
The crystallographic structure of arginase I, with two manganese ions at the active site (pdb 
ID: 1RLA)21 was used as the starting point for MD simulations. Similar protocols to pol β 
were followed in running MD for arginase, and the energy optimized final conformation was 
used to construct the QM/MM system. The QM sub-system contains parts of His101, 
Asp124, His126, Asp128, Asp232, Asp234, manganese ions and the water molecule that 
bridges the two metal ions; the MM sub-system contained the rest of the protein and water 
molecules within 15 Å of the metal ions. Calculation of electron density was similar to that 
adapted for pol β.
Computation of relative bond orders for several systems (H2, Na2, [Mg2]2+)
The bond character and strength of the metal–metal interactions were investigated with a 
natural bond orbital (NBO) analysis22,23 were carried out on optimized geometries with 
NBO 3.1 program implemented in Gaussian.11 It is well known that atomic charges and 
bond orders between atoms in molecules are not measurable properties and, therefore there 
is no quantum mechanical operator for them. Many schemes have been originated to attempt 
to provide chemical insight for atom charges and bond orders in molecules, but all suffer to 
variable extent due to the “not measurable” label.
Electron density distribution calculations
The B3LYP/6-31G* method/basis (as described above) were used to compute the electron 
density contours of [Mg2]q+ at distances of 3.63  for (a) q=4 and (b) q=2. System (a) is 
repulsive at all distances; system (b) is metastable in the approximate range 2.3 to 4.0 . 
Electron densities were calculated using the cubegen module of Gaussian09.11
A model molecule was constructed for the active site of the initial state by placing hydrogen 
atoms at the QM/MM link atom positions. The resulting complex has a charge of −3e. The 
electron density was computed from the wave function of this complex using Gaussian09-
D0111 and displayed with the auxiliary program GaussView.24
III. RESULTS AND DISCUSSION
Bimetallic di-cationic species have been observed experimentally25 and the electronic 
energy dependence on the Mg-Mg distance predicted theoretically with high-level quantum 
mechanical calculations.26 Here, we have computed the quantum mechanical energy-metal 
ion separation distance curves of a number of pertinent systems having outer shell 3s-3s σ, 
4s-3s σ and 4s-4s σ bonding designations (see Methods) (Figure 3).
Now, intuitively, when we look (e.g., Figure 1 or Figure S1) at an atom/bond diagram of the 
crystallographic structure of the active site of a DNA polymerase, for instance, we observe 
two divalent metal ions and generally think of these as being +2 ions. But, in reality, these 
two ions are surrounded by negatively charged oxygens, and it is not difficult to imagine that 
these formal +2 charges might be reduced to something of the order of +1, rather than +2. In 
fact, one observes something close to such a charge distribution for the magnesium ions in 
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QM/MM calculations centered on the active site of this enzyme (Figure S2 and Methods), 
using a charge computation method appropriate for condensed systems.20
Accordingly, the bimetallic core can be re-pictured as the interaction of two Mg ions, each 
with ~+1 charge, or as ~[Mg-Mg]+2 or ~[Mg2]2+, which we know has a predicted bond 
order of 1 (Figure 2). Bond order predictions from quantum mechanical calculations for H2, 
Na2, and [Mg2]2+ are 1, 1, and 1 (Methods). That is, all of these systems are predicted to 
have one covalent bond. The region of predicted stability for our quantum mechanical 
calculations for the gas phase [Mg2]2+ is computed to be at an equilibrium bond distance of 
~2.92 Å; this bonding region is separated by a barrier of ~10 kcal/mol occurring at ~4 Å 
from the much lower reference energy found at infinite separation in Figure 3. Note that the 
barrier seen in Figure 3 is due to the balance between the Coulomb repulsion between two 
Mg1+ ions and the stabilizing covalent bond. Since the Coulomb repulsion between two +1 
ions is about 110 kcal/mol at a separation of ~3 Å, the net covalent bond strength must 
exceed ~110 kcal/mol in order to have a net attractive interaction of ~10 kcal/mol. It is 
interesting that high-level calculations26 gave almost identical ΔE/R results. In the active site 
of enzymes that exhibit the Mg-Mg core in various pre-and post-catalytic structures, 
coordinating ligands about each metal ion exhibit an octahedral arrangement. For DNA 
polymerase β (Figure S1), one apex of each of the octahedra has the same atom, an oxygen 
atom (proRp) of the α-phosphate of the incoming dNTP (Figure 1). A total of 6 formally 
negative charges can be found surrounding the two metal ions.
What is the electronic disposition of the Mg-Mg unit buried in the core of the active site of 
enzymes? The concept of bond order, which works for systems with well-defined bonds, is 
problematic for our current application to understand the buried Mg-Mg unit. The electron 
density, on the other hand, is a measurable and computable quantum mechanical variable 
that allows a view of electron distributions in molecules.
In Figure 4 (panels a and b), the electron density contours are displayed for the simple gas 
phase bimetal cations with either +4 or +2 charge (illustrating bonding interaction), 
respectively. In Figure 4c, the calculated electron density for the active site of the initial pre-
chemistry state of the reaction of DNA polymerase β is shown. This system was prepared 
from crystallographic data (Methods). In Figure 4a, one observes the contours defining 
[Mg2]4+ at the same Mg-Mg distance as Figure 4c. This system is repulsive at all distances 
with no hint of a bond in the electron density contours. For [Mg2]2+ (Figure 4b), however, 
one observes the shared contours of electron density that clearly indicate bonding. In Figure 
4c, which is centered on the scaffold plane defined by the two magnesium ions and a non-
bridging oxygen on Pα of the incoming nucleotide and has the same orientation as Figure 1, 
one can observe how the electron density of the magnesium ion ligands contribute electron 
density to the scaffold region, thereby effectively reducing the formal charge of the 
magnesium atoms and providing electron density for the Mg-Mg bonding interaction in the 
complex.
In DNA polymerase β, a bridging Pα oxygen atom (OA in Figure 4c) of the incoming 
nucleotide, along with the two magnesium ions, constitute the reaction scaffold on which a 
substituted phosphate is transferred from the incoming dNTP to O3′ of the deoxyribose 
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terminus of the primer DNA strand. It is reasonable to imagine that prior to the 3 atom 
scaffold formation, the dNTP with a charge neutralizing magnesium ion, Mg(n), bound to an 
oxygen on Pα of the dNTP, approaches the DNA/polymerase complex and binds into a pre-
evolved site. By this process, DNA/polymerase/dNTP complex creates a binding site for the 
Mg(c) ion. Mg(c) coordinates not only with the primer sugar O3′ atom, but also with the 
same oxygen of Pα to which Mg(n) is bound. At the juncture, two magnesium ions are 
forced to be geometrically near each other. This situation defines a condition for the Mg(c)-
Mg(n) bond formation, the formation of which is enabled by the geometric nearness of the 
negative oxygen ligands of the magnesium ions to the midpoint of the Mg(c)-Mg(n) unit. In 
the nucleotide insertion process, the primer strand is elongated, by forming a bond between 
O3′ and the α-phosphate, with concomitant bond breaking between the α- and β-
phosphates generating pyrophosphate (see Figure S1). The finding that both pre- and post-
catalytic structures can be obtained crystallographically is due to the stability of the three-
atom scaffold upon which the reaction takes place. Pre-catalytic structures were measured 
by employing nucleotides with a non-hydrolysable bond between the α- and β-phosphates, 
whereas post-catalytic structures were determined by soaking natural dNTPs with crystals of 
binary DNA complexes permitting nucleotide insertion in crystallo. For both pre- and post-
catalytic structures the three-atom reaction scaffold remains, but the charge state of at least 
one of the coordinating ligands changes during the reaction. This change, along with the 
structural forces brought about by bond forming and breaking will modify the three-atom 
reaction scaffold. We find, for instance, that during QM/MM reaction path calculations, as 
the reaction advances from its initial state to the transition state, the Mg-Mg distance 
contracts (Figure S3). This is consistent with the fact that the minimum energy distance of 
the free-standing bimagnesium di-cation occurs at a somewhat shorter distance than the Mg-
Mg distance of the initial state of the enzyme system. It is interesting to envision that the 
barrier to dissociation of the Mg-Mg interaction is overcome as the reaction proceeds to 
products, so that the metals enter an electrostatically repulsive region. The catalytic metal 
becomes destabilized in the Mg-Mg unit as the nucleotide metal bound to product 
pyrophosphate moves away from the active site. That is, the repulsive part of the divalent di-
cation interaction assists in preparing the active site for a subsequent reaction. Thus, in this 
view of the insertion event of DNA polymerases, the creation and stability of the three-atom 
reaction scaffold is assisted by formation of the Me-Me covalent bond of considerable 
plasticity between the metal ions; the release of the products is aided by the repulsion 
between the metal ions when they become sufficiently separated.
Additional evidence for significant Mg-Mg bonding is provided by the three panels in Figure 
4d: the left-most panel shows the electron density along a line that includes two +2 
magnesium ions at a separation of 3.63 , the center panel shows the electron density along 
a line including [Mg2]2+ (at the separation of 3.63 ) and the right-most panel depicts the 
electron density along a line that includes the two magnesium ions in Figure 4c (separation 
3.63 ). Clearly the electron density for the Mg-Mg interaction of the reactive complex and 
for the [Mg2]2+ ion are quite similar at 3.63 . This comparison offers considerable 
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evidence that the bonding between the magnesium ions in the complex is essentially 
equivalent to that in the gas phase bimetal di-cation, for which the magnesium ions have a 
formal single covalent bond.
It is clear from the above discussion that the stability of the 3 atom reaction scaffold 
(Mg(c)..OA..Mg(n)) in the biological systems depends critically on the existence of 
significant bonding between the two magnesium ions. It is also clear from the pre- and post-
catalytic structures (Figure S1), taken together with QM/MM calculations that permit 
estimation of the transition state between the endpoints, that the insertion reaction takes 
place as a straight-forward phosphorous inversion with the O3′, Pα and Oαβ atoms 
approximately inline. Is it possible, then, to relate the scaffold atoms, that depend on the 
quantum nature of the Mg-Mg interaction, to the linearity requirement of O3′, Pα and Oαβ? 
Strikingly, this is possible: Figure 5 provides a view of the six atom set (three from the 
scaffold and three from the reacting atoms). The six atoms are approximately in a plane at 
all three stages of reaction. It appears thus, that the role of the induced covalent bond is to 
provide essential structural stability to the core atoms of the active site.
Manganese ions can avidly replace magnesium in the three-atom reaction scaffold of some 
DNA polymerases, with a significant change in catalytic rate and fidelity.27 As seen in 
Figure 3, the relative positions of the Mg-Mn-6 and Mn-Mn-11 minima are similar to that 
for Mg-Mg. Calcium can also bind to some DNA polymerase active sites,27 but the insertion 
reaction does not occur. The energy minima for the Mg-Ca and Ca-Ca interactions in Figure 
3 are shifted to larger distances than those for Mg-Mg, Mg-Mn-6 or Mn-Mn-11. The smaller 
Mg and Mn ions form octahedra preferentially (Figure 1), whereas calcium ions attain 
higher coordination that leads to distortion of the required alignment of the forming and 
breaking bonds.
It is evident that [Me-Me]2+ covalent bonds may be of importance in providing structural 
stability or reactivity to other biological systems, not involving phosphoryl ester reactivity. A 
system that we have examined under that context of “other than phosphoryl ester reactivity” 
within the present study is arginase I, an enzyme predominantly found in liver and 
responsible for removing L-arginine in the form of L-ornithine and urea.28 In the bottom of 
a deep active site cavity, two manganese ions reside in a close contact to help create a 
hydroxyl ion nucleophile required for the conversion reaction. These particular metal ions 
are recognized to be essential for the stabilization and orientation of the nucleophile, a metal 
bridging hydroxide ion. Removal or substitution of the any of the two manganese ions 
results in a 20,000-fold reduction in the catalytic efficiency. In the crystal structure of the 
arginase I system (pdb ID: 1RAL)21, the two metal ions are closely spaced (3.3 ) in the 
pre-chemistry state where one manganese ion is hexa-coordinated (Mn2, Figure 6) while the 
other has five coordinating ligands (Mn1, Figure 6).
In the contour map in Figure 6a, the electron density is displayed in the plane containing the 
two metal ions and the oxygen of the water that becomes the nucleophile during the 
enzymatic reaction. As with the case for pol β, we observe shared contours of electron 
density between the two metal ions, indicating bonding. In the charge density vs 
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coordination distance plot (Figure 6b), the bimetallic dication at the separation equal to that 
of the arginase system shows appreciable charge density between the metals (black line). In 
contrast to [Mg2]4+ that has no computed charge density between the two metal ions, 
[Mn2]4+ shows a rather small but non-zero electron density in the metal bonding region, 
probably due to the presence of 10 unpaired electrons in the outmost orbitals of the system. 
Note that we also evaluated the electron density at this separation (3.3 ) for [Mg2]4+, but 
found no electron density (results not shown). Also, it is worth noting that there are only 4 
negatively charged residues located in the coordination shell for sharing electrons with the 
manganese ions in arginase, whereas there are 6 negatively charged residues (or groups) 
available for the magnesium ions in pol β. Since the original charge on each metal ion is +2 
and the electron density is borrowed from the coordinating negatively charged oxygens to 
enhance the metal covalent bond character, effectively, available reduced electron density for 
the metals may contribute to a slightly reduced electron density between the manganese ions 
(Figure 6; green curve) when compared with the electron density between the metal ions in 
the pol β case (Figure 4). However, the positive electron density between the divalent 
manganese ions in arginase signaling covalent bonding between the metal ions indicates that 
this metal covalent bonding phenomena is not confined to one type of metal ion or enzyme.
Another example abounds in the Gla domains of Vitamin K-dependent proteins,29 for which 
up to 5 calcium “ions” are bound to post-translationally modified carboxylates in a torturous 
chain. The Ca-Ca distances found in the chain are approximately 3.8–4.0 Å, well inside the 
attractive minima computed for diatomic [Ca-Ca]2+ shown in Figure 3. Protein domains are 
thought to have relatively small net folding free energies. The structural stability provided by 
di-cation Me-Me bonding interactions may be critical for proper folding of certain protein 
domains.
In the realm of inorganic chemistry, also, the magnesium tetrametaphosphate (Mg2P4O12) 
system,30 for example, has a Mg-Mg distance of 3.23 Å; each Mg is surrounded by an 
octahedron of oxygen atoms, an environment resembling that of DNA polymerases. Thus, 
the structure and stability of inorganic crystals that have Mg ions nearer than 3.9 Å will be at 
least partially dependent on the partial Mg-Mg covalent bond.
CONCLUSIONS
Two Mg2+ ions in a vacuum have a large electrostatic repulsive energy at normal chemical 
distances. If, however, when these ions are surrounded by electron rich atoms, such as 
oxygens, electron density from the oxygens can populate the region around the magnesium 
ions, reducing their positive charge and leading to covalent bond formation between the 
ions. This bond can provide enough attraction to stabilize the two magnesium ions in the 3–4 
Å realm, much as is seen for the ideal case of the [Mg2]2+ di-cation in Figure 3. This 
quantum mechanical phenomenon provides a novel manner in which to view the Mg-Mg 
interaction in biological systems. As more structural data, along with theoretical advances 
for describing chemistry, is gained for enzymes with the bimetallic metal core, we will then 
be able to appreciate more fully the role of the heretofore “hidden” metal-metal bonding in 
enzymes.
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Enzyme active sites that feature two magnesium ions in close proximity are common. 
The nature of the interaction of these metal ions is analyzed quantum mechanically. By 
analogy to the covalent bonding observed for [Mg2]2+ in the gas phase and in magnesium 
complexes, it is argued that a covalent bond is generally present in the two-Mg2+−ion 
active site, as well as in systems (organic and inorganic) with similar electronic structure.
Perera et al. Page 12
Inorg Chem. Author manuscript; available in PMC 2018 January 03.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Figure 1. The DNA polymerase β active site
(pdb ID = 2FMS)7. Each metal ion has octahedral coordination of oxygen (red) ligands. The 
Mg-Mg bond is indicated by a dotted line. The catalytic Mg (Mg(c)) is magenta and the 
nucleotide binding Mg (Mg(n)) is orange. Note that the opposing metal ions do not occupy 
coordination positions, but instead interact along the dotted line.
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Figure 2. Standard molecular orbital electronic configurations of the outer electrons of relevant 
divalent metal di-cations for the first four rows of the period table
Energy levels and their spacing adjusted for readability. The “*” superscript of the orbital 
label designates antibonding. He2, Be2, Mg2 and Ca2 (Mn2) have a net formal bond order of 
zero, whereas their di-cations have a net formal bond order of 1.
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Figure 3. Energy versus metal ion separation distance (R) for various [Mea-Meb]2+ systems
The curves were adjusted to converge at large R. Calculation details are given in Methods. 
Multiplicity of Mn complexes are given in parenthesis.
Perera et al. Page 15
Inorg Chem. Author manuscript; available in PMC 2018 January 03.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
Figure 4. Electron density
a) A contour map of the charge density for [Mg2]4+ at the Mg-Mg separation of 3.63 . This 
distance is chosen for display because it is the Mg-Mg distance in the initial state of an 
ongoing QM/MM model study based on pdb ID 2FMS. b) A contour map of the charge 
density for [Mg2]2+ at the same Mg-Mg separation of 3.63 . (c) A contour map of the 
charge density of the QM sub-system (Methods) of pol β from the QM/MM calculations. As 
seen in Figure 2, the system is likely metastable at this distance. The scaffold resulting from 
the interaction between OA and the two metals is evident. The initial formal charge on each 
metal ion is +2 for the quantum calculations. d) The charge density (in ) calculated 
along the line connecting the two metal centers for the three systems shown above. Metal 
ion positions are shown with arrows.
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Figure 5. Spatial orientation of the six atoms (O3′, Pα, Oαβ; Mg(c), OA, Mg(n)) in the active site 
of DNA polymerase β during the insertion reaction
(Red (initial state), green (transition state), blue (final state); coordinates are from QM/MM 
study (see Methods) using the frozen outer layer of the system atoms for fitting). The O3′ 
and Oαβ remain essentially stationary, whereas Pα changes position significantly along with 
OA. Mg(n) is relatively stationary, while Mg(c) changes position.
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Figure 6. Electron density of the arginase system
(a) A contour map of the electron density of the QM sub-system of arginase (described in 
Methods) used in the QM/MM calculation. (b) The charge density (in ) of [Mn2]2+ 
(black), [Mn2]4+ (red), and the QM sub-system of arginase (green) along the line connecting 
the two metal ions. The distance between the two manganese ions is 3.3  in all three 
systems.
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